Checkpoint inhibition has demonstrated clinical efficacy in a variety of solid tumors. Reports of programmed death ligand 1 (PD-L1) expression in glioblastoma are highly variable (ranging from 6% to 88%) and its role as a prognostic marker has yielded conflicting results. OBJECTIVE: To validate the prevalence and prognostic role of PD-L1 expression in a large cohort of diffuse gliomas according to the 2016 revised WHO classification. METHODS: Using tissue microarrays, we compared 5 PD-L1 monoclonal antibodies (n = 56) and validated expression (n = 183) using quantitative immunohistochemistry (IHC) and RNA in situ hybridization (RISH). Expression data from The Cancer Genome Atlas (TCGA) and published studies were compared with clinical outcome. Multiplexed immunophenotyping was used to identify PD-L1+ cell populations in post-treatment glioblastoma. RESULTS: Using a 5% cut-off, PD-L1 expression was significantly associated with a poor prognosis in both histologically defined (n = 125, log-rank P < .001) and recurrent isocitrate dehydrogenase (IDH)-wildtype glioblastoma (n = 60, log-rank P = .015). PD-L1 remained a significant negative prognosticator in Cox regression analysis (hazard ratio: 1.96, P = .021). Analysis of TCGA data confirmed decreased overall survival in recurrent non-glioma CpG island methylator phenotype (G-CIMP) glioblastoma (n = 12, log-rank P = .023), but not in glioblastoma as a group (n = 444, log-rank P = .135). PD-L1 RISH showed a significant correlation with IHC (P < .0001). PD-L1 was observed in the proliferating perivascular stem cell and immune niche of post-treatment glioblastoma. CONCLUSION: A 5% PD-L1 expression cut-off identified a subset of glioblastoma that is associated with a worse clinical outcome. This association remained significant within the newly defined IDH-wildtype classification. These findings could have implications for patient stratification in future clinical trials of PD-1/PD-L1 blockade.
immune suppressive mechanisms. 1 Programmed death ligand-1 (PD-L1) is a labile, inducible transmembrane receptor ligand that facilitates immune system evasion through co-ligation of its receptor, PD-1, on activated T cells. 2 Upregulation of PD-L1 on tumor cells has been proposed as a mechanism of immune escape in gliomas, 3 and its detection at the protein level has been previously demonstrated. [4] [5] [6] However, study characteristics (grading, sample size) and technical considerations (assays, cutoffs) have resulted in highly variable rates of expression-ranging from 6.1% to 88% in larger studies. 4, 7 Furthermore, the role of PD-L1 as a prognostic marker in gliomas, independent NEUROSURGERY VOLUME 0 | NUMBER 0 | 2018 | 1 Downloaded from https://academic.oup.com/neurosurgery/advance-article-abstract/doi/10.1093/neuros/nyy268/5052719 by guest on 11 April 2019 of predicting treatment response, remains contentious. Initial evidence of an association with poor survival 8 has been followed by mixed results in larger studies. 4, 5 Recent evidence in gliomas, however, suggests an inverse association of PD-L1 expression with mutations in the isocitrate dehydrogenase (IDH) gene, 9 which could potentially confound the observed differences in overall survival (OS).
A specific cut-off for PD-L1 expression has not been established in glioblastoma, and it remains to be seen what role PD-L1 expression has in patient selection in future clinical trials which include PD-1/PD-L1 blockade-as either a predictive or prognostic marker. Here, we sought to address the prognostic role of PD-L1 in recurrent glioblastoma in a large tumor cohort according to the updated 2016 World Health Organization (WHO) classification of diffuse gliomas. Additionally, we sought to localize cellular expression of PD-L1 in the tumor microenvironment using multiplex immunofluorescence in post-treatment glioblastoma. These results confirm recent findings of a PD-L1/IDH-wildtype association and validate the poor prognosis associated with PD-L1 within the IDH-wildtype molecular subtype in recurrent glioblastoma.
METHODS

NIH Cohort and Tumor Classification
Formalin-fixed paraffin-embedded tumor samples were obtained from NIH retrospectively from 2000 to 2016. The cohort consisted of 183 individual patient tissues, after excluding repeat tissues in 16 paired patient samples. Tissue procurement, tissue microarray (TMA) construction (large core 4.0 mm), and tumor classification was carried out as previously described. 10 Briefly, using an integrated approach, tumors were re-classified from the original diagnosis according to the updated 2016 revised fourth edition of the WHO Classification of Central Nervous System Tumors. 11 Classification was largely based on immunohistochemistry (IHC), with fluorescent in situ hybridization and polymerase chain reaction (PCR) incorporated where available. A probabilistic approach combining age, clinical history, and tumor grade was used to assign IDH-wildtype status in tumors negative for staining with an IDH R132H mutant-specific antibody. 12 See Pratt et al 10 for methodology, antibodies (IDH1, ATRX, p53, H3K27M), and molecular markers (IDH, 1p/19q co-deletion) used in the current study. Results of O-6-methylguanine DNA methyltransferase (MGMT) promoter methylation analysis had not been routinely assessed in this retrospective cohort and was not included as a comparison. Clinical characteristics and pathological diagnoses, including updated tumor classification, are listed in Table 1 .
Immunohistochemistry
Staining was performed on a Ventana Benchmark Ultra (Ventana Medical Systems, Tucson, Arizona; IDH1 R132H, ATRX, p53, H3K27M, CD163, PD-1) and Leica Bond-Max (Leica Biosystems, Bannockburn, Illinois; PD-L1: SP142, SP263, E1L3N, 28-8, CAL10) automated immunostainer according to the manufacturers' instructions. See 
PD-L1 Western Blot Methods
Western blots were performed to validate the specificity of SP142 (1:500, Spring Bioscience M4420, Pleasanton, California), E1L3N (1:1000, Cell Signaling Technology 13684S, Danvers, Massachusetts), and 28-8 (1:3000, Abcam ab205921, Cambridge, United Kingdom), all rabbit anti-human PD-L1 antibodies (see Supplemental Methods and Results, Supplemental Digital Content 2 for details).
RNA In Situ Hybridization
RNAscope R (Advanced Cell Diagnostics, Newark, California) allows for visualization and analysis of expressed RNA in deparaffinized tissue with targeted probes. RNA tagging was performed per manufacturer protocol. Details of staining, probes used, and hybridization are outlined in the Supplemental Methods and Results, Supplemental Digital Content 2. 
Digital Automated Analysis
Multiplex Fluorescence Immunohistochemistry
Multiplex fluorescence IHC was performed on 5-μm-thick paraffin sections using iterative antibody staining, stripping, and re-staining steps to accumulate 14-plex biomarker imaging data (Supplemental Methods and Results, Supplemental Digital Content 2 and Table, Supplemental Digital Content 4).
TCGA Microarray Datasets
Data from The Cancer Genome Atlas (TCGA) Research Network (http://cancergenome.nih.gov/) were acquired and visualized through the GlioVis portal (http://gliovis.bioinfo.cnio.es). 13 Agilent 4502A array data from TCGA glioblastoma multiforme samples (n = 444) were used for survival analyses. A small subset of these samples that were recurrent and had a non-glioma CpG island methylator phenotype (non G-CIMP; verified to be wildtype for IDH) were further analyzed (n = 12). In addition to TCGA data, published datasets with PD-L1 gene expression data (n = 456) acquired using the Affymetrix 2.0 platform [14] [15] [16] [17] [18] were aggregated and combined for analysis. Median RNA values were used for stratification in all gene expression analyses.
Statistical Analyses
The Kaplan-Meier method was used to estimate the survival curves, median survival time, and 95% confidence intervals, and the logrank test was used to test for differences in survival functions between dichotomized PD-L1 groups (high vs low expression using 5% and the median as a cut-off for the protein and gene expression data, respectively). The association between IDH status (IDH-wildtype vs IDH-mutant) and PD-L1 was evaluated using Fisher's exact test for dichotomized PD-L1 and Wilcoxon 2-sample test for continuous PD-L1. The Cox proportional hazards regression model was used for both continuous and 
LGG, low-grade (diffuse) glioma (WHO grade II); AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; DMG, diffuse midline glioma. a n = 5 cases did not have available clinical information. b Prior to chemotherapy or radiotherapy. Glioblastoma, NOS: WHO grade IV diffuse gliomas with negative IDH R132H staining and an alternative IDH1 or IDH2 mutation probability between 11 and 89%. Not shown: AANOS (not otherwise specified, n = 2); AAIDHwt (n = 1); AOANOS (anaplastic oligoastrocytoma, n = 1); AONOS (n = 1); DMG non-H3K27M (n = 5).
dichotomized PD-L1 (Supplemental Methods and Results, Supplemental Digital Content 2).
A P-value < .05 was considered statistically significant.
RESULTS
Cohort Demographics and Tumor Classification
Baseline patient characteristics, including diagnoses and detailed clinical features, have been previously described. 10 A total of 213 tumor specimens were initially included in the TMAs, including surgical and postmortem archival specimens. Six cases proved inadequate due to tissue loss, insufficient tumor content, or a diagnosis that is outside of the scope of this study (eg circumscribed/localized gliomas). ATRX, a nuclear marker that is particularly sensitive to fixation and storage duration, was used as a surrogate for antigen viability and to reduce false-negative cases. Cases that showed absence of ATRX expression in nonneoplastic cells (ie, endothelia, neurons, glia; n = 9) were excluded from further analyses. Of the initial cases, a total of 183 unique tumor samples remained for final evaluation (see Table 1 for demographics and WHO diagnoses of samples; n = 5 cases did not have available clinical information). The median age of the NIH cohort was 48 (range: 4-75 yr of age). The majority of cases were postchemotherapy and/or postradiotherapy (n = 137 recurrent vs n = 46 primary). IDH-wildtype diffuse gliomas (n = 102) constituted the majority of the integrated diagnoses in the cohort: glioblastoma (n = 81), diffuse midline glioma, H3K27M-mutant (n = 16) and wildtype (n = 5), and anaplastic astrocytoma (n = 1). Glioblastoma samples negative for IDH R132H immunostaining and where IDH status could not be confidently predicted (glioblastoma, NOS) constituted 24.8% (n = 31) of glioblastoma samples.
PD-L1 Expression Shows Clone-Dependent Variability and is Associated with IDH Mutation Status
An initial comparison of 5 PD-L1 monoclonal antibodies was performed in n = 56 TMA cases. Antibodies showed some variability in staining intensity and distribution ( Figure 1) . However, all clones demonstrated some degree of cell surface (membranous) staining with variable amounts of cytoplasmic staining (most notable with CAL10, SP263, and E1L3N). Clones SP263, SP142, and CAL10 showed the highest and most robust signal-to-noise ratio, while E1L3N and 28-8 were either less intense or showed higher background staining. The SP263 clone was chosen for further analysis due to its strong and robust signal in the tissues tested.
In our cohort, PD-L1 was expressed in 23.5% (43/183) of diffuse gliomas using a 5% cut-off ( 95.5% were wildtype for IDH in cases where IDH status (IDHwildtype vs IDH-mutant tumors) was established (Figures 2A  and 2B ). Across all diagnoses, PD-L1 expression was significantly associated with IDH status (for dichotomized PD-L1, PD-L1 ≥ 5% was more frequent in IDH-wildtype (90.1%) than in IDH-mutant tumors (9.1%), Fisher's exact P = .001; for continuous PD-L1, Wilcoxon 2-sample test P = .004). Among glioblastomas with any level of PD-L1 expression, the vast majority were wildtype for IDH (n = 37, 94.8%) compared to IDH-mutant (n = 2, 5.1%).
FIGURE 2. PD-L1 IHC across 2016 WHO histomolecular subtypes and RISH correlation. A, Representative images of IDH-wildtype (GBIDHWT) and IDH-mutant (GBIDHM) glioblastoma stained with anti-PD-L1 (SP263). B, Stacked bar chart showing PD-L1 IHC distributed across WHO 2016 diagnoses in the NIH cohort (n = 183). C, Overall, PD-L1 staining intensity (not quantified in the current study) was associated with an increase in PD-
PD-L1 IHC and RNA ISH
PD-L1 mRNA detection by RISH showed a range of amplicon frequencies and distribution. Both individual "dots" and, less frequently, large signal aggregates representing coalescence of signals were observed ( Figure 2C ). PD-L1 (SP263) IHC expression showed a significant correlation with mRNA ISH (n = 183, r = 0.949, P < .0001; Figure 2D 
PD-L1 is Associated With a Poor Clinical Outcome in Recurrent Glioblastoma, Independent of IDH Mutation Status
In all histologically defined glioblastomas (WHO 2007), membranous PD-L1 expression in ≥5% of cells was significantly associated with shorter OS (log-rank P < .001; Figure 3A ). There is evidence to suggest PD-L1 can be induced by genotoxic stress (eg, radiotherapy). 19 Additionally, detection of increased Note: (a) Graphical and statistical tests did not suggest any deviation from the proportionality assumption for any variables.
(b) Age, sex, CD163, and PD-1 were considered as covariates, but they were dropped from the regression model based on α = 0.15.
macrophages has been associated with decreased survival in glioblastoma. 20 To create a more homogeneous sample for analysis, tumors were matched for grade (IV), treatment (post radio or chemotherapy), and IDH mutation status (glioblastoma, IDH-wildtype, WHO 2016). In subgroup analysis, PD-L1 remained significantly associated with poor outcome in survival analysis of recurrent IDH-wildtype glioblastoma (n = 60, logrank P = .015, Figure 3B ). After exclusion of 2 subjects identified as outliers, the log-rank test P-value was slightly reduced (P = .006, n = 58). PD-L1 protein expression showed a weak, but significant association with PD-1 expression (Spearman r = 0.320, P = .013) and a borderline association with macrophage infiltration (CD163; Spearman r = 0.247, P = .059). Thus, Cox regression model was applied to further assess PD-L1 as a poor prognosticator using age, sex, CD163, and PD-1 as covariates, which were dropped from the model based on significance level of 0.15 (Table 2) . PD-L1 continued to be associated with poor clinical outcome: the hazard of death for those with high PD-L1 expression was almost 2 times compared to those with low (<5%) PD-L1 expression (hazard ratio [HR]: 1.96; 95% confidence interval [CI]: 1.11-3.45; P = .021; Table 2 ). When evaluated as a continuous variable, for each 5% increase in PD-L1 expression, the hazard of death increased by an estimated 11.3% (HR: 1.11; 95% CI: 1.03-1.20; P = .006).
Microarray Datasets
Previous studies using data from the TCGA have shown conflicting results in the association of PD-L1 gene expression with survival. Agilent-4502A platform expression data were analyzed in a manner replicating our own TMA study. In all glioblastomas (WHO 2007, n = 444), high PD-L1 mRNA (median cut-off: 0.520) was not associated with decreased OS (log-rank P = .135; Figure 3C ). This was further confirmed after aggregating published glioblastoma gene expression datasets (n = 456, median cut-off: 6.897; log-rank P = .162). However, after filtering samples for treatment and IDH status in the TCGA dataset, we found that high PD-L1 mRNA (median cutoff = 0.242) was associated with poor OS in a small cohort of recurrent, non-G-CIMP glioblastoma (n = 12; high PD-L1 median OS: 17.95 mo; low PD-L1 median OS: 51.05 mo; logrank P = .023; Figure 3D ), supporting our IHC findings in the NIH cohort.
Multiplex Immunoprofiling Reveals PD-L1 Expression in Proliferating GSCs and Variable Expression in the Immune Niche
PD-L1 is a ubiquitous marker where expression has been found in various reactive, inflammatory, and neoplastic states. Deep multiplex immunoprofiling in 4 glioblastomas treated with checkpoint inhibition (nivolumab, n = 2; ipilimumab, n = 2) revealed heterogeneous expression of PD-L1 (SP142) within tumor cells. PD-L1 showed prominent perivascular colocalization with the stem cell antigens SOX-2 ( Figure 4A ) and nestin (not pictured). This population also co-localized with the proliferation marker PCNA. Tumor areas expressing mature glial antigens S100β and GFAP showed comparatively weaker coexpression with PD-L1 ( Figure, Supplemental Digital Content  7) . Admixed IBA-1/CD68+ macrophages showing variable expression of PD-L1 were also observed, predominantly within the perivascular compartment ( Figure 4B ). Within the immune microenvironment, we also show that PD-L1 is expressed in both effector (CD3/CD8+) and helper (CD3/CD4+) T cells ( Figure 4C ).
DISCUSSION
Despite the initial promise of anti-PD-1 checkpoint inhibition in preclinical glioma models, it is becoming apparent that such therapies are only likely to be successful in a subset of glioblastoma patients. This may be due to several factors. Studies have suggested that tumors with high somatic mutational loads are more susceptible to checkpoint inhibition. 21 However, the mutational load in glioblastoma is, on average, much lower than that in the cancers that have responded to checkpoint inhibition. Only 3.5% of glioblastoma samples had a high mutational burden in a recent report. 22 Mismatch repair deficiencies that also increase susceptibility to checkpoint inhibition are similarly rare in glioblastoma patients. Even in the successful trials of these checkpoint inhibitors in other cancers, these therapies seem to only be effective in a small subset of patients. 23 Clinical trials for glioblastoma are in need of accurate ways to appropriately stratify patients according to prognostic factors and, if possible, predict which patients will respond to checkpoint inhibition.
FIGURE 4. Multiplex immunofluorescence of the tumor microenvironment in post-treatment glioblastoma with inflammatory response to checkpoint inhibition. A, Immunolabeling with the nuclear stem cell marker SOX-2 (green), proliferation marker PCNA (yellow), and PD-L1 (red; SP142). PD-L1/SOX-2/PCNA+ cells are depicted in the merged image. B, Representative images of perivascular immune cells co-expression of IBA1 (aqua), CD68 (purple), and PD-L1 (red). C, Representative images of T-cells (CD3, yellow) showing co-expression of both CD4 helper T-cells (green) and CD8 cytotoxic T cells (orange) with PD-L1 (red). Nuclei are counterstained with 4',6-diamidino-2-phenylindole (DAPI; blue). Scale bar = 50 μm.
In this study, after stringent antibody validation steps, we compared 6 commercially available antibodies and, generally, found concordance with positivity or negativity for membranous staining in glioblastoma tissue, similar to findings by Gaule et al 24 in non-small cell lung cancer (NSCLC) tissue. We also, for the first time in glioblastoma, assessed PD-L1 mRNA expression by ISH. In doing so, we found a strong correlation between PD-L1 protein and in situ RNA expression. While we did observe a small number of PD-L1+ cases with an absence of RNA staining, this may be due to a degradation of global mRNA expression, due to the age of these samples. Alternatively, such mRNAprotein dissociation could be a result of membrane stabilization of PD-L1 protein due to interactions of this protein with the CMTM gene family, as it has been found that this regulation is temporally uncoupled from PD-L1 mRNA expression. 25 Our study suggests that most commercially available antibodies seem suitable for PD-L1 evaluation, though we suggest that the use of SP142 or SP263 may increase the ease of interpretation of results.
We found that 23.4% of patient samples expressed PD-L1 at a biologically relevant ≥5% cutoff, which is less than the 38% found by Nduom et al 5 and the 32% found by Lee et al. 26 Archival clinical information is no longer available for the TMA referenced in Nduom et al, 5 unfortunately, so we are unable to assess whether the differences in PD-L1 expression might be accounted for by differences in treatment status or IDH status of their samples. Lee et al 26 exclusively evaluated newly diagnosed glioblastoma patients, while our patient population was enriched for recurrent glioblastoma patients. Berghoff et al 4, 9 reported much higher PD-L1 positivity in their original 4 and follow-up manuscript, 9 though these results are outliers as compared to the other recently published reports, referenced above. Despite this discrepancy in PD-L1-expression percentages, Berghoff et al 9 did also demonstrate a PD-L1 and IDH-wildtype association. 9 Nivolumab failed to show clinical efficacy in recurrent glioblastoma patients in a recent phase III randomized trial (CheckMate-143). 27 Notably, PD-L1 expression (≥1%) was reported in both treatment cohorts (26.1% and 18.9% in the nivolumab and bevacizumab treatment arms, respectively). 28 As PD-L1 expression assessment by IHC had not been standardized prior to that study, it is difficult to assess whether PD-L1 expression was predictive of response in that trial. It is also possible that in recurrent, IDH-wildtype glioblastoma patients, PD-L1 positivity is not predictive of response but remains a prognostic factor, meaning that Checkmate 143 underestimated the therapeutic benefit of this treatment in a less favorable patient cohort. Our findings suggest that, for future trials, a 5% PD-L1 staining threshold may result in more meaningful patient stratification and subset analysis.
Using a cut-off of 5%, we found PD-L1 expression is associated with decreased OS in histologically defined glioblastoma, consistent with results from Nduom et al. 5 Furthermore, we show that this association remained significant in subgroup analysis of recurrent IDH-wildtype glioblastoma, a previously unreported finding, as prior reports have focused on the survival of newly diagnosed glioblastoma patients. 4, 26 Our results thus support the use of a 5% staining threshold for delineating prognosis in glioblastoma in the post-treatment setting.
Establishing PD-L1 expression by IHC as a prognostic biomarker in gliomas has been contentious. Analysis of RNA and transcriptome datasets have also yielded variable results, and may partly be due to the use of different TCGA source material (ie, array platform -Affymetrix, Agilent, RNAseq) and methods of patient separation. Additional analyses will need to be performed in fully clinically annotated datasets in order to further validate these findings.
The tumor microenvironment plays an integral role in glioma pathogenesis and behavior through interaction with regulatory, effector, and helper T cells, microglia, macrophages, and myeloidderived suppresor cells (MDSCs). 29 Immune cells derived from the monocyte lineage are known to make up a significant portion of the tumor mass in glioblastoma. 30 In a multicancer study, Taube et al 31 demonstrated a significant correlation between immune cell infiltrates and tumor PD-L1 expression. The authors also demonstrated clinical "benefit" (objective response or stable disease for ≥6 mo) with nivolumab in tumors with PD-L1+ immune cells. In a limited sample of post-nivolumab glioblastoma, we found PD-L1 showed co-expression with stem cell antigens in tumor cells and, less frequently, on macrophages and T-cells in the perivascular compartment. Cross-talk between glioma stem cells (GSCs) and tumor associated macrophages has been implicated in tumor progression and treatment resistance. 32 Our findings suggest preferential PD-L1 expression within the proliferating GSC population, which may underlie tumor aggressiveness in a subset of post-treatment glioblastoma. However, our restricted sample size requires this to be confirmed in larger studies.
CONCLUSION
Clinical trials that include targeting of PD-1/PD-L1 are ongoing in glioblastoma patients (NCT02658981, NCT03014804, NCT02798406). Interim findings from a phase 2 trial investigating single-agent durvalumab (MEDI4736, NCT02336165) showed promising activity in recurrent glioblastoma. Recently, a phase 2 trial investigating efficacy of a novel IgG1 monoclonal antibody to PD-L1 (avelumab) in recurrent glioblastoma commenced patient recruitment. There are also large randomized trials of checkpoint inhibition targeting PD-1 alongside standard therapy in newly diagnosed glioblastoma patients. 33, 34 We hope that our work will help to standardize PD-L1 evaluation across future clinical trials so that the impact of PD-L1 expression can be prospectively assessed for predictive or prognostic relevance. 
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mmune checkpoint inhibitors targeting PD-1 and PD-L1 have proven effective in multiple types of cancer, especially in melanoma where progress, measured by overall survival, is extraordinary, in fact "head-spinning". 1 Given the complex, immunosuppressive microenvironment of glioblastoma, 2,3,4 the use of checkpoint inhibitors for this disease is challenging; as a single agent, these drugs are unlikely to increase overall survival, except perhaps in a small subset of patients. 5, 6, 7, 8 The current report indicates that expression of PD-L1, the tumor ligand for PD-1, is a negative prognostic marker in recurrent IDHwildtype glioblastoma. After validating the immunohistochemical (IHC) detection of PD-L1 with RNA-ISH methodology, the authors suggest a 5% PD-L1 cutoff value by IHC as an independent prognostic index. The authors note that other factors that increase susceptibility to checkpoint inhibition, eg, high somatic mutational load and mismatch repair deficiencies, are uncommon in glioblastomas. Nonetheless, in the CheckMate 143 trial, a small subset of patients (8%) did respond to the PD-1 inhibitor, nivolumab, and showed a superior, durable response (11.1 months) compared to the VEGF inhibitor, bevacizumab (5.3 months). 5 In this and other trials, it remains unknown whether the use of a 5% PD-L1 staining threshold could serve as a predictive biomarker and thereby lessen treatment failure. Future studies are needed. However, the current study lays the foundation by validating a clinically available PD-L1 assay in glioblastoma and demonstrating its prognostic significance. Ultimately, because of the severely immunosuppressive microenvironment of glioblastoma, additional immunomodulatory strategies, eg, T-cell CAR, 3 IL-6 targeted therapy, 4 and others, hold promise in combination with immune checkpoint inhibitors.
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